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Populati on t ransfer  in HF was measured by an lB double re sonance exper i —
n~et  wL~. ’~h un~~ HF pump and probe lasers. In three kinds  of exp er irnen~
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m odel to assess contributions to the  total t ransfer  rates.  The collisional
contribution s are compared with linewidth data. Information was also
obtained on population transfer rates for velocity cross relaxation and
for vibrat ion—rotat ion tran sfer 0
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Por~~~at ion t r a n s f e r  in HF was rseasured by an F do u b l e  r e son anc e  ex cer i ~ er.t
which uses HF c urio ant rrohe lasers. In three kir~is of exrer iroer .~~o :r u l a ti c ns
puriped to a s i c eo l f i c  r o tat i on a l  level were fol lowed: cut of the  pu-’07e i
level , to th e  levels above , ant tc - the levels below . The rates of loss f r ~
the puriset level ant  t r ans fer  to the lower levels were  s tr on c l :  af ~’eo i e i  by

1acin~ b e t w e e n  r o t a t i ona l  levels .  ~easurec.ent s were roat~ of ca~ n an t
i n t e n sit y  ant tha t  in for roa t . i cr .  was in e or co ra tet  in t o  a k i n ~~~i c r aoe  s ic] 0 :

access  c o n t r ib u t i on s  to the  t ot a l  t r ans fer  r at e s .  The c o l l i s i o n a l  o c n t r i b ; i
are cor o— are d w i O n  l in e w i tt h  dat a . In f o r s i a o i on  was a l r -  ob t a i n e t  on
t r a nsfe r ra tes  for velocit’: cross rela::a~~ion  ant  f o r  i t r a t i c n — r ~~~a i-o n
t r a n s f e r .

LI ~~~~~ ~~~~~~~~~~~~~~~~ L_ 
_ _ _ _ _ _ _ _



5- o t a t i o n a l  F o r u l a t i o n  Tran s~’er in HF

Chem ica l reactions between hydro gen and fluorine are uset  to p~~~p excited
states  for HF lasers and are capable of populating high vibrational levels in
the ran .7e  of v = 3—7 and high rotational levels. Populations in high rota—
t i onal  levels may relax towards a Boltzrs ann d i s t r i b u t i o n  through co li sona l
energy t ransfer  or by lasing on t r ans i t ions  between rotational energy leve l s .
Fo tational relaxation effects have recent ly  been included in computer m o i e I i r ~
cf HF laser performance. Hall (Ref. 1) considered rotational lasing in addition
to cal Iisional relaxation in his model . We have previously reported (Ref. 2)
studies of the coll isional relaxation rates us ino  I.R. double resonance tech—
niques. Several authors (Ref. 3) have observed lasing between rotational
levels of HF formed in reactions between F atoms and H2. Skribanowit : and
coworkers (Pef . ~) have described rotational lasing in HF gas samples purspe]
by radiation from a pulsed HF laser . The report herein describes F dout e
resonance m eas urement s of population transfer between rotat ional leve ls of HF
by both collisional energy exchange and rotational lasing .

The inf rared  double  resonance  technique for following rotational popula-
tions uses absorp t ion of radiation f rom a poised laser operating on a single
v (1-l) vibrational transition to pump population in an HF gas sample to a
speci fic rotational C level in the v = 1 vibrational level . Collisional pro-
cess es then red istribute this population anong other rotational and other
vibrational levels. A C’. probe laser is used to monitor the rate of loss of
popolat io n from the pumpe d rotational level or the rate of arrival of pop u~ a-
tior, in one of the other rotational levels. This is manifested as a temporal
variation in the absorption of the OW radiation after the pulse laser fires.
A diagram illustrating the types of e~~erinents done is shown in Fig.  I .  The
pulse laser (denoted by thc dashed line) populates level J and the CW probe
J aser is tuned to transitions A—E for the fol 1 owing experiment s:

( A )  ~ easurement of transfer to higher rotational levels , tsJ = 1, 2 (5

( B )  Measurement  of population loss from the pumped level .

( C )  Measurement of transfer to lower rotational levels, ~J = —1 , —2 



—.~~~- — - — - - 0 -’-- -- --- 
______ - - - - - ,“—-- -—- --—---— - -- -~ - _________

( D) ~easurernent of combin ed popu la t ion loss from t he pumped level and
f i ll ing in of the depleted level in v = 0.

(5) Observation of V—P population transfer from v 1 to high C

levels of v 0.

In a d d i t i o n , informat ion on moment~ r. exchange between FL sc- leo~~ies is
obtained by frequency turing narrow linewi ith pum p ant p r o b e  lasers .  

- ---__--~~-- - -_~~--—--- - - - -
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Rotational population transfer from J to higher levels (J + ~J) was

measured after populating each of J2, .73, Jb , J5 of v = 1 in separate experi-

ments. After each of these levels was populated several higher levels were

probed to follow the population transfer rate as the system approached eqoli b—
rium . Analysis of the results produced a general equation that provides for

the descr iption of rotational rates with a single rate constant . The re:~ lts

are comrietely described in Ref. 2. In development of the rate model and com-

puter  simu ation , deact ivat ion of the v = 1 HF was assumed to occur mainly

through binary collisions with ground state molecules. With that assump ti on
the rate equations governing the process were:

~~~~~~ ~~~~~~~~~~~ 

(n::o n 1
v : J  K~~ I flk

V : O n~~ K .~~ ) 
(:)

s the population in the vibrational state v and rotational level j ,

K j jk t  K 0 
~ 

e ~~ t(Er’_ 
~~v : I)  + (E~~2_. EK~~o ) I / kT (2)

where K and -a are constants.  n .  is the normalized Boltzmann population

— v _ E V /KT -~n 1 = (2~~÷ i ) N  (T) e

Thi: def ini tion of K 1,1~~ 
satisfies detailed balance explicitly and assumes the

rate to be proportional to the exponential of the energy defect in the colli-

s ion ( i . e .  to the energy t ransferred to or from t rans la t ion) .  Summing Eq. 1
over th e  unobserved ground state levels one obtains

d V : I  
~ z (n~~~K. .  _ n V : P K ) . (14 )dt J I J J I I 

-- - -  --- - -~~~~~~~~~~~~-- - -~~~~~~~~~~~~~ , - -- - -~~~~~~~
-

~~~~~~~~ ---- - --
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Using this model of the rate  constant (Sq. 2) a computer simolation of the
experiment was ca r ried  out —— inc u d i n g  terms is, t he  rate  equa~ ior  to d e s o r i o c
the pumping  p o i s e  and the ve loc i ty  r e d i s t r i b u t i o n . Dropp in g  the  -: = 1 s~~r e r —

- 
script s ,

f l : P  ~~~~~~~~~~~~~~~~~~~~~~~~~

where n .  is the puripinc rate into level j f rom the pump pulse and ~ is the Thss
r a t e  due to ve loc i ty  r ed is tr ih~ t icn  (

~ 3 x 1O~ sec~~ tcrr~~-) . The pum p I~~]:e
was taken to have a zero rise t ime ant an exponential decay with a charasceri:—
tic time of 101- nsec . The population of rotational levels from C = 0 to
C = 11 were inc luded in the simula ti on .

Figure 2 present s the results of this simulation which c ompare r e a s o n ab l y
to the e:’:perimentul transfer rates using the two constants  in the model :

K 2 .0  x 10~ sec - torr - and a I . ( 6 )

P revious  work  was devo ted  a~ most  exc lus ive ly  to the study of t r ans fe r
from to h ighe r  levels ( C + i~s) .  A few observat ions of signals for transfer
from C down to (J — IC) showed these transitions to be extremely fast  and we
conclude-i that shortened pumping pulses would be needed for such measurements.
The present  program was aimed at m a k in o  measur ement s of these ‘t down” rates a r t
also m eas ur em ents of popula t ion loss fr om the level pumped using shortened

pur.ring pulse:. Subsequent observations showed that the fast rates were strongly

infli~encei by lacing on rotational transitions. Studies of such lasing was
ai .e i  tc the pro~ ram . 

~~~~ - - - - -~~~~~~~---~~~~~~~- —~~~~ - --- — - -
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The apparatus for E d~ uhie resonan:e  experiments  has teen  d es cr i t e t  in
Pef. 2. In essence it consists of t~ o laser s , one of which is pulsed and the
radiation used to pum p populations in an HF gas sample to a specific V , C
level. A second laser furnishes CV radiation for probing individual v , C
levels to determine population transfer.

The HF gas absorpt ion  cell  was made f rom a Kel— F tube 00 cm in length w it h
an internal diameter f 12 rmn . Calcium f l u o r i t e  windows were held on each end
with Fel—F wax . The two laser beams were made colinear  and passed  through the
long axis of the cell.  Diameters of ‘both p oIsed and beams were about 3 mm .
The probe laser radiates a single P2 l  wa-.-e ength SW ‘beam and operates on a
single transverse cavity mode ant can be tuned over about 350 ~~ z with  a l i r e —
width of about 10—30 MHz . Variation in the intensity of the CU laser due to
absorption was monitored with a GeAu (77 °f: )  detector w h i c h  had a sens i t ive
area of 5 mm in diameter so that the entire Cl-; beam was int ercepted . A l/.
meter spectrometer was placed before the detector as an opt ical  f i lt e r .

~etector signals were fed into an oscilloscope amplifier (Tektronix TAI5A )
and the overall system rise time was less than 10 nanoseconds .

The pump laser is a mul t i p in , t r an sve r se  flow , pulsed discharge type
that produces Single wavelength radiation . Single Fi _ 0 wavelength pulses of
0.10 sec duration (F’~FL) at 20 pps each contain ab ut 0.03—0.05 mC of ener~-y .
For investiga ti ng very fast t rans it ions , such as C — I. , the pul se leng th  was
shor tened to avoid inf luen c ing sign al shape by the pumping function . A
Lithium Niobate polarizing “I”  switch (Lasermetrics , Inc .) was added external
to the pulse laser optical cavity for thi s purpose. By this means , pulses co ul d
be shortened to about 140 nsec (FUFL). In Fic. 3 oscilloscope traces are sh~vn
for the natural pul se (top trace) and for a ~ switched pulse (bottom trace).

The frequenc y of the pumping radia t ion , with respec t to l in e center , is

~n iror-ortant consideration because the probe laser must be tuned to co inc ide
with this frequency . it was reported by Goldhar et al (Ref. 5) that the fre—
quency of HF pulse laser ranges within 70 MHz of line center . We examined the
freq uency of con tent of the laser pulse using a AuGe detector and a sp ectrum
analyzer . The frequency content exhibited over a five second period was within
a range of about 141 Mhz. This is illustrated in the picture shown in Fig. 14 .
Nc additional higher frequenc ies were found as far as 500 MHz . This evidence
sug~ e:ts tha

t the pulse laser is operating on only a single longitudinal mode
and all other modes are clustered within 140 MHz. The location of this fre-
quency range with respect to line center was placed by observing the variation
in si gnal am ç l i tude  for absorption o f the SW radiat ion as t he CU probe laser

Li _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



was tuned over the I oproler linevic th . In Fi g .  5,  the  (~V la ser o u tput is
shown as the f requ e r . -cy was varied toriror the doub le  r e sonance  measurem ent .
The retracing near line center was obtained by cons tan t ly  t u ni n g  for  max imum
absors-tion signal . This  set the prob e l ase r  w i t h i n  a range of 50 Mh z  d i st r ~ —
buted ±2 5 Mhz 0-f l i n e  cen t e r . ~t o ther  t imes we c-b-served the range to T e r r a in
at 50- MHz hut t :  be d i s p l a c e d  20—3 -0 MH z fr an.  l i n e  cen te r .  These r e so it s  are in

accord w i t h  Co -I dh ar  ‘ s observa t  ion s .

The e f f e c t s  of narrow laser  i i n ew i t th :  on the double r e s o n a n c e  e x p e r im e n t
is i l lus t ra ted  in F i g .  6. Since the pulse laser operates at line center -only

molecu les  f r o m  a sm-all sec t ion  of the ve loc i ty  d i s t r i b u t i o n  are pumnet ano in
o r d e r  to i n t e r a c t  wi th  this velocity class , the CU laser most  be toned to 0 :00

sam e f r e q u e n c y  as the  pu l s ed  output . The t on at - i l it y  of the CU p robe  laser
also made i t  poss ib le  to pum; molecul es  in one ve loci ty  range and by su i t ab l e
tu n in g  mea sure  the t ime  for a r r iva l  in a d i f f e r e n t  range ant  t’ ~s ob ta in  colli-
sional  cross sections for velocity relaxation .

- -
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R o t a t i o n a l  T ran s f e r  Pates From C Down To (C — L4J )

A large number  of experiments  wore run t o  look at the t r ansit i on  r ate s  f
p o pu la t i o n s  t o  lower rotat i onal level:.  These are l i s t E - i in Table 1 a r t
l ab e led  C in re fe rence  to Figure 1 . The exDeri :.- e n t s  were over a range of
pres sure f rom 0.01 torr up to 3 or 14 torr . The result :  of all of the se  exp -~ri—

roenos ha d a c-o n-mon feature in that  the  t r a n s i t i o n  times were very sh o r t  as

cam: ared t- : p r e d i c t i o n :  from the model and also the times were only weak ly
de :en ient  on pressure . An a b s o rp t i o n  t race for the  t r an s i t i on  C 14 tc- C3 ab
ri torr is shown in Fig.  7. The fast signal formation time is typical . A
second character istic of “down” t ransi t ions , which can be seen for J d— 3 in the
fi gure , is an apparent over population of the lower level followed by a decay
of the high rotational population to the Boltzinann level.

An experimental trace for the “up” transition J3_14 is also shown in Fig .  7
and obviously forms much slower than J14—3. Thi s contrasts  with the pictures
generated from our rate model which predicts experimental traces for both C L —3
and C3-14 should be identical. By a simple kinetic argument it can be shown
that rates for the two t rans i t ions  should be equal .

To- the extent that the rate constants k u from Eq. 1 are measures of the
rate of population transfer from level i to level j, the measured t ransfer
rates ‘between J -

~ C + 1 and C + 1 ~ J should be equal . For short times we
mi ght  wni te  from Eq. 1:

dnj ,.~k fl •

~~~
— - --  

~j pump

The final equilibrium value of the population in level j is (Eq. 3) n
1-~~ n

where ~ is def ined in Eq. 3. Scaling the transfer rate by this equil ibrivYr r~r—~~
’1

u.lation we find a rate for the transfer

dn~
~~~~ ~~~ /~~j fl pump :k ;j /?i j~ (8 )

But detailed ‘balance tells us that

~I1 k 1~: ~.k . .  ( 9 )

8

L
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and so

(i o)
T~~~ T~

This implies that the posulatio . (or roea:ured abso~~ tion ) as a function of
t ime s ho u l d  look the sar.e for transfer from C -

~ C + 1 and + 1 -
~ ~~ after

scaling for the absolute po: u la t ion  differences in the two final state:. The
simulat i on motel verifies this as the right two pictures in Fig. 7 for t r an : fe r
from C=3 to J=14 is identical to transfer from J=L to Cr3.

The experimental pictures on the left in F i r .  7 clearly show d i f f e r en t
rates for the “up” and “ down ” processes and in na r t i cular , it is apparent  f r o m
these p ic tu res  that an add i t iona l  t ransfer  mechanism over and above r o t a t i o n a l
re laxa tion  is preferentially transferring population in the “down ” d i r e c t i o n .
It will ‘be shown tha t  t h i s  add i t i ona l  mechanism is actually lasing action be-
tween ro ta t ional  levels.

A t h i r d  c h a r a c t e r i s t i c  of down rates , observed at very low pressure:,
was a delay between pumpir,o the level, J and the  onset of population t ran s fer
to J—d J. Such a delay can be seen in Fig. 8 for the J 14— 3 t ransfer  at 16 ro t :r r .
Sub sequent  to this  observation it was discovered that rotational laser actio~.
causes the rapid increase in S = 3 population. On close inspection of Fig. S
it can b-c seen that the 53 por ulation starts to increase at a ver~’ slow rate
irrzrediatel-.- after the pulse as a result of collisional transfer and t h i s  is
later followed by the rapid increase.

_ _  ~~~~~~~~~~ - -- --
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TAB LE I

Pump Probe Transi t ion I~rpe of Exp er imen t
Laser Laser 

___________ 
( R e f e r  to F ig .  1)

I F L  2P2 J 3— 2 C
lIL 2P3 53— 3 decay B

2F14 J3_ 14 A

LEO 2F2 J L — 2  C
lF5 2F3 J 14—3 C
1F5 211 J14 dec ay B

iFS 2P5 J14 —5 A

2P2 J5—2 C

lEE 2P3 J5—3 c
iF6 2F 14 55_ h C
iF6 2P5 J5 decay B

lF 2P6 J6 decay B
1F7 2P5 J6—5 C
1P7 2P 14 j 6— 14 c
157 2P3 56— 3 C
157 2F2 J6—2 C

2P7 57 decay B
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M easurement :  were  ma de fo r  ~h~- r a o  of t - or u i a t i o n  decay from th e  le-i~ l
pumped by r r o b i n r ~ t h e  level w i t h  t he  -CU laser  opera t ing  c-n V2— l t r an s i t i u n s
(Experiment 5, Fi r-. 1). T1.pioal at::r:tion traces for the CU laser is the-
one shown in Ful-. C fo r  the  dc-ca- : :f C = 5. After the initial fa~ o r um: ir.i-
of the population into C = 5, there is a s lower decay in the ab :orrti or ,
trace t o the new r o t a t i o n a l  e-: u i l ib r iu r .  value . Assum in i -  an overa ~~ exc - -on e nt i a l
deco:.’ of the  ah s or r o i or ., a va5 ue fo r  -r is es t imated  frcrr . the  cu rv e .  Tat -i  th a t
were tak~ n ft r level:  C th rc -u ~ h CS ar. t over the-  p ressure  range I .11—1.5. t or r
are slotted in F ir - . 10 as decay rate l / - r  versus pressure . A s tr i k l n c  f e a t -ore
of these -data is the in-dependence of the  rate on the C level rum: c i .  0ne
w o u l d  ext cot the  rate out of a level to ‘be the sum of arr ival  r a t e s  i n :  all
other levels. Cur model predic ts  a s t rong  dependence on C w i th  s l o w e r  r a t e s
for hi cin C values . The data roar also be compared with in-deaendeno lir,c-w ittn
data since the pressure dependence of iinewi iths is dominated  b:: t he  f ast e s t
coll isional process , which for HF is rotat i onal t r an s  fe r .  L in ew i d th  data
( R e f .  6) have been included  in Fig. 10 as the solid l ines and these show one
expected va r i a t ion  wi th  C. The main reason for th i s  discrepancy is th a t  l a s —
inc between rotat ional  levels was occurring dur ing the measurements . This
has the effect of distorting the absorption s igna l s  in not a l lowing  them to
achieve the i r  i n i t i a l  pumped values and modifying the signal decay by tran:fer
of pc-rulat ion back from lower j  levels. This  is fur ther  discussed in the next
sec tion .

F e te roon  et al. ( R e f .  7) hav e made mea: uremerits of rotational re laxation
(decay  ra tes ) for  HF by using a s ing le  laser so tha t  the same laser t r a n s i t i o n
ran-red ant  p robed the levels. They found reasonable agreement with line—
widtn data. We made simIlar measurements by tun ing  both pump and probe lasers
to the same v(l—2) transition (Experiment D, Fig. 1). Signals from this
exp eriment  ap p ea r  as more inten:el’: t r a n s m i t t e d  probe laser radiat ion due to
decreasing  ros olat ion: in  the ground state during pumping. Figure 11 shows
such a signal for a CU laser on the lPb line probing 53 of v = 1. A comparable
signal for prot-inr - 53 with the CW laser operating on the 2P3 (v2—l) line
(Experiment B) is aloo shown . The iP14 signal exhibits a much faster initial
return to equilibrium than the one for 2P3. Data for the decay times for pump-
ing  an-i p r o b i n g  w i t h  laser l ines  lFb through 1P9 at various HF sample pressures
is presented in Fig. 12. Marked on this plot , as dark crosses at 0.1 torr, are
l i n e wi d t h  data fo r  the l ines 1PL , 1P5, 1P6 and 1P7. Reasonable agreement is
found for the data from the two kinds of measurements. This leads us to con-
clude that Exi-eriroent D and also linew idth measurements pr -duce rate data
that are dominated ho filling in of the hole created in the ground state
rotational distribution rather than transfer out of the rotational level pumped.

The data for transition rates lit from FiF. 12 are replotted as rate constants

-- - -
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1/E r versus t h e  l aser  line :  in F i r - .  3. The- do ted l i r e  on t h i s  r i o t  is fr:r.

our model c a l c u l a t i o n s  b aset  on da ta  from measuring rate: for trano it ions fror- .

up to + .,. of v = 1, ( . i~~~ e~~~ o~ ’-~~~ r~-~ se~~ c’ ~~~~~~ ese -~ --~ r- —

ments are not materially affe-c~ ed t;.- E— F la:inr- .) The most signific’~nt

difference in the two s e t s  of rate: is tha t  -the r - ~ e e d  rate: extrapolate t:-

mucr~ slower values for h i gh  r ot a t i on a l  level:. However , at the very high C

level, rorati anal relaxation is a relativel’: sI-ow pr-ace-sE and additional

contribut ions fror- vel - -:it :.  r e laxa t  ion and vibrational relaxation are sir-ni

can t for the .inewidtb. measurements.

~ iIA 
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La s in i -  R e tw e e n  5 - : t a ti : na l  beo-els

:n -order t :  e xp l a i n  the  ver :-- f ast ‘ down ” r a t e :  observe d in the  e x p e r i m e nt s
,~ust described a yr: cess that transfers ~ :pu ati- :-n to lowe r i~~s q u l ck y is
needed ir. addit icn to r-tat ionul relaxation . n tnis sectuln we will sh-w

tha t  r : t a t io n a l — r : t a t i  - r i a l  l a s i n r -  (w i t h  wa- ,-e e n g t h s  i’ t h e  t en s  :r h u r or c i :
of microns) is j u s t  su ch  a p r o c e s s  an :  yr I l l  sh : w e x r i e r - : s - : . t a~ €-v i-te :, se
that  F— F l a sin g  is o c c u r r i n g  in -c-or e :• :per iment .

Cc see that  5—5 la s ir c g is a lii~ely  e xp l ar c a t i : r ,  of t:.€ r e su l t s  , f toe

t r a n s f e r expe rimen t s , it is i n s t r uct i v e  to  c a lcu l a t e  th e  r: tent ial gain f: r
one :-n i i t i  :n: cf t he  ex o e r im e n t s .  Fr::: the  c rc sr  sec ti  :.n f : r  st i m u la t e d
e mi s s u ln  : we may c a l c u l a t e  the  ra in  f o r  a g iven  t ra r,s i tu l : .  C + I -

~ C as

~~~~: — (II)

where n- is the p :pulatior . -of the level C in molecules/cc. The cross se:ti:n
for stimulated emission may be wnitten in terms of the freqoency V ant

Einstein c:efficient A as

C2 A g()~~a :  (Ii
8~ ~,2

where the linesbape- fur.:tion g(v) is given by

- 

g (~ ): 2(1n2) h/2 
9
_4 (mn2)(

~
_
~o

)2/~~v
2
~~pp ER (:~ )

DOPPLER

or at l i ne  c e n t e r

(1-.)v~’2~~kT/m

Table II lists a few representative A coefficien ts (Ref. 8) and cross sections.

It is interesting to observe that the stimula~ ed emissi on cross section on
these long wavelength transitions is about two orders of magnitude larger

than for the c o r r e s p : -n d in g  V—V t r an s i t i o n

aR R (
~ :I~~O): 1 ,6 x 1o ’3 cm2 ( i t )

avv ~~~~
_0) 4 x .10~~

$ cm 2 (It )

~ 
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I - i t o  Eq. ’s dl ant lI ve ma:.- estir:at~ the rain 1 r  repse:entati .e ex:erir.onoa..
condit ion: . We rums a l l  :f the  r o p u l a t i o n  in the l ’ I m~ n i f t I i  in t  a si nr - l e
C level 5: at lo w  pressure an t  before r :tati:na . tsar can ro ve much .
population ar-curd

—
U -~~~~~~ 

j
pum r pumr -~. pum P

we estimate an excited population of mulec-,les of I x l C ~~ ocr -s ( a t  a fe-i:
t en t h :  of  a t:rr of total pressure) we wo ~lt  :~~~ e- f-:r - =- - -od a gal:.

~ =(~ x IQ 4 f~ r r )  (3.5 x ~~t6 m~~~~~~~ s)(2,2 x ~~~~~ cm 2)

I cm ’ .
Uith a rouc : trip re-tb lencto of about 80 cm it is easy to expect lasing -or
s u p e r- f lu o r e s c en c e  in t h e  gas cell even with essentially n-c mirrors. Act oa l ly
the  OaF 5 wini :ws  used o-n the  gas cel l  are about So percent  r e f l e c t i - .-e at t h i s
w ave l enc th  ant  aga in , w i t h  t h e  long w av e l e n g t h  and large gain , ali gnment is
r.:t c r i t i c a l .

To search fo r  F — F  l a s ing  we used an experimental set—up which is d i a —
grams.e i in Fig .  I— . The pumping ru lse  f rom an HF laser  passed t h r o u g h  a
H e d — F  cell  :i tt e t  w i t h  CaF2 wir.dows containing a sample c-f HF gas . The
excited HF la s i ng  on r o t a t i o n a l  t r a n s i t i o n s  pr :ulce-J long  w a v e l e n g t h  r a d i a —
tic:,  tn a t  was r e f l ec t e d  b y the C’ aF2 and t r a n s m i tt e d  ou t  of the  cell t h r o u gh
a p - :l y e t h yl e n e  w i n t r y .  OaF 2 has r e f l e c t ance  of up tc 90 percent  over th e
F— F l a se r  wa-.-e-dencons (Ref. 91 . A Col e  de tec to r  ( U ° ?:) was used to observe
the  l o n g  w av e l e n g t h  l as i n g  and i n d i v i d ual  laser l i ne s  were identified usinr-

a r-.-on o nr om a t : -r  ( F e r k i n  Elmer  l~~-iel  E l ) .

Lasing at I or- wa-:e engths .  was observed  a f t e r  pan-pi n g  th e  HF gas samp le
wit:. eac:. of I F :  through lPt- transition :. Tab~ e I I I  l i s t s  the  c a l cu l a t e d
(Ref . 5) a rt  m e a s u r e d  w av e l e n g t h s .  For each C level  p opu la ted  b1 the pan -p inr,
iasi: .g Wa: o b o e - r y e - i  cn t r a r . s i t ion  to  the  next  l ower  S level , bu t  c as ca t in r -
dawn was n o t  ob served , poss ib ly  because such s igna l :  may ‘be h e u l w  the
d e t e c t i o n  l i m i t . .  F ir .  15 t races  are shown fo r  d e t e c t o r  o b se r v at i on s  sf
hots. the  purr.: pu se lE O . and the 55 las ing  pulse C3— 2 ove r  a range -of HF
pressure .  R t a ti~~oa la s io g  was seen over the range fr-c m 2 t c rr r  down to an
est imated 5 x ~~~~ t o r r  ( l o w e r  l i m i t  of the pressure gauge was 1 x i~ —~ t o r r ) .
Cb serva t i~~n of l a s ing  at such lo w  pressures implies  ex t remely  hi gh gain  art
these pulses at low pressure were always accompanied by a delay . This  de l ay
was f- on-I t o  c o i n c i d e  w i t h  the  delayed a r r iva l  of p o p u l a t i o n  in the next  C
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as r e p o r t e d  a’: - .-’e. Lasir. - - do wn to low pr e s :or e  wi’C, ie aye~
p u l s e s  is a l r o  e-:i len t  in F i r - .  In f o r  t h e  t r a n s i t i o n  C S— -- . aa Ie
the l:: .r- Th:ing t es t :  a l o n g  w i t h  p u l s e  w i d t n :  and p o i s e  Oe ay s .

in order to es t im a te  the gain for 5—F . la s ing,  measurements  were m ade - ,
po.n-~ ing  w it h  and IRE , of the total number of molecules pumped to leve l
C by the  pump laser . Thi s was done by measuring wi th  a thermop-~.’le ( pp l ey~
the d i f f e r e n c e  between incident  and t ransmit ted pumping p u l s e  energy as a f u r s —
t ion of HF press-ore.  Pumping pulses are reasonably c o n s t a n t  in energy over a
per iod of tens of m i n u t e s , but do vary from day to day . Ry attenuating the
pum;inc pulses it was possible to find the threshold value fc-r the F—F. lasior-
at cons tan t  pressure and thus es t imate  the opt ica l  losses for the syst em .
Plates of oo: - .bi: co :ap::.irc- ant rtrcs: or - rermaniur- we re  -use - i . The- effects
or ’ atten~ ato :n :n F—F p lse ieTh-: oar. be observe: on For . ~~~ — for 55—- - vni cn

t o O t  ircr -sas’e :  a t t e n u a t i : : ,  i e :r e-as~~i g a in  c a u s e s  Ion— er delay .J am:~~: . t or ’ celay li :tei in Table 1’, for the ,-as::~~s tests is see:, to be a
fu,oti:n cC prC000re , b-c t toO value-s are a s :  :er:.- dep-enie- :-.t on the an.:
of ereC T:: in t o e  rurr .p i n r -  : ~ls-e which. varies w:t :.  : ~r . : inr t r a n s i t i o n  and  t o

i c r  moa:co:’e:-ent: of the ener--:-- abo . o-teo in the c-elI were -used

- calcul ate t~ e nud er of excited rolecule- : p a r t i a l  p r e s s~~r e o f  mole cul e :
in ‘

.
‘

.. ,~~. Fr : :  ~~ r 5 - r .: ot e r  r.: r d .  of  the- experiment it is p- :si :Ie t. use
tals inf.ro .ati- :. to estir ate th e -  u s a b l e  gal:: ( u s in s  Er, . II). As so::. as toe-

r ,l:e transfers le ocieso fr -or v 1  t :  toe rre’:ioo:lv er-pt’:
rr . ani :  .1, :, r : t a tl :o a l  re la : a t u ln  h e r - i n  to: r e d i s t r i bu t e  t : ,ese l e :o les  . This

toe r .a:c:r.ur o - ,’ er r : r u l a t i o r .  o f  the  p umred level a -c np lex
f-u n:  t i  o:. - f the p u _ s e  a lr a t i  on an d the t o - t a T  gas p re :sore .  .. -t  l o w  ce l_
p r e : o .r e  a ~ar~-e - r a c t i - o n  or toe pun -r -co mc _ e o :~ eE r ema :r~ in t oe  puo~~ S
le’.-e uln g en o~~g:. t o  c :ot c i t- ot e  t the  ga in , vo i l e  at h i - -:. cell  p r e c r or e  ~.

‘— .

i s  :.~.a te:  by cu l l i su ln a l  t r a n s f e r- s  aIm ct - as f a s t  as p p ~~~r i t i .~: O s
into C an: onl:.. a :na...o fraction of t :  -c- c m o l e c u l e :  o - c n t r - i t  ~ te

rain f-c r toe C~ - —l transiti-o . TaLl . l~~ ts toe- excited role-solar :r e o : . re: ,
one fr - a o ’ t i  o n  of t oese  m o l e c u l e :  that  - 

- :. :ibute t the cat:. and t o e  m a x i m r - .
val ~e of one g a in  ( i : .  toe abse::ce of lasing) for t v -  di fferenr tra nsi ti on s
at a nur.h -:- c of prero~ re:. J~t h i gh  p r e s s u r e s , the-  p u t t i n g  p u l s e  i s  c : m p ~~~:- . ,.
abs  rb ’:u I:. t O € ’  cei_ a n d  the -  e x c i t e d  m o l e c u l a r  pr -es : . . r -e  bec~ m .  o. :stant
(in:e~~.-:. d en t  of ; -r - e o s J r e ) .  f l - -we -y es , at these pressures too r o t a t i o n a l  r-t ’ —

laxati on increases with the p r e s s u r e  anu the  f r a c t io n  cf the  e x c i t e :  ro e:ciles
c sr .t r i r  . r : n g  t tne gal:. g- e:- ulwn as does the - g a in  itself. At I w  p r - e s s~~re .
toe I a  a : s . r p t i -  o C the  pum p inc  pulse in the ceul lea:: t . the low gain .

This m~-an . toat voile toe pressure-s in Thble V change by — ver two order- : of
toe i-al:. change: Li’ -o - r r i v  a fa-t r of ~~~.
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There are three m e a s u r e m e n t s  in ahI e  7 tha t  were tak er ,  at c’ ns ° ant
pressure  b al wi th  d i f f e r e n t  at o e n ~~at or : in toe o om p i n r  bea r  0-0 r e - a l o e  the
pump in t e n sit y . The Germ an i  at t c - o o nt : r-  was s..~f f i c i e - r . ° tc a l l  but ex t i n r -~ i sh
the  l as ing  at t h i s  p r e s s u r e — 5 la s in g  appear ing  on o n l y  so-s.c pum p p u l s e s .
This implies that the 5—F. lasing vu: at :r near tore-shalt for these conditio: .s
and we mi ght take the ga in  at t h i s  point a: an e s t i m a o e  of  the total cavit :- ’
losses at this press-ore— . OI cm~~ (in an S-I coo r:::,ri trip at.: al 50 per-cent

o the rao~ a~~ r- is _ - s ) e t~ o _ ~ss —--- e~ e ~ss _~~

mir ro r s  if we ca_ l the a: f_at: at One enos of toe ce~~ to at a:.: some

loss r -obabl : come: from absort-tion i:. the gas (or its cor .t~ mi:.ants). The
losses wo-ul-d be expected to vary fr~ r. alne to line and 0 :  var:. witn press re

and so the entries in Table V of no lasing c-n 3-2 at 0.85 torr where the gain
was 0.L8 is not inconsistent with lasing on 5~ 1~ at 0.05 torr and gain of 0.06.

I 
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E ump T r a n s i t i o n  F lt a t i : n a l  Laser C a l c u l a t e :  T a le r v e t
__________________ 

on ~avele:  r-tn ~ai-e_ en---t :.

IF: 57— E 36. 15

iRE C~ —-- 50.511 50.75

IRS  JL._ p  63.37 So

1El C3—2 81.37 81 —

iF: J2— l l S l . —I ..,2E —

lFl Jj_ —0 252.59 none

W a v el e nr t h :  f r-u t  P~e re d it h , Re ference 8.
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TABLE IV

LASII~G TESTS

EO.m o Line 1P2
Press Limit for Lazing 0.05-0. 14 torr

Pressure P~jse W idth Delay

.35 14-T ns 8O ns

Pz. Line 1P3
Press Limi t for Lazing 0.03-_ . ?  torr

Pre ssur e Pulse W i d t h  Delay

1.3 LO n s  0
.13 80 os 140 ns

150 ns 1400

Pum p Line ip14

Press Limit for Lasinc< G .O111-~~.0 torr

Pressure Poise Width Delay

1.2 50 ns 0
.15 300 ns 140 ns
.035 150 ns 80 ns 2 peaks at 50 ns ant  150 ns id a::

. 015 250 ns 80 rcs 2 peaks at 80 ns ant  200 ns dela::

.0-05 150 ns 500 ns
200 r.s 700 ns
300 ns 11400 flS
500 ns 1500 ns
500 os 2000 ns

P~~~ Line 1P5
Press Limit for Lasing<0.03_C .roi

Pressure Pulse Width Delay

.65 50 ns 80

.32 140 os 100 ns

.07 300 ns 100 ns 3 peaks at 110,,~ l 0 , 100 no delay

.014 150 ns 300 ns
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TAB~~ :7 (Cc- nt ’d)

LASICG TEsTS

Pums Line l~~
Press Limit for Lasing .005-2.2 torr

Press Pulse Width Delay Press

2.9 20 ns 0 2.2 2.9
2.0 20 os 0 1.5 2.0
1.1 100 ns 0 o.8 1.15
.77 200 ns 0 .55 .77 two peaks at 0 and 140 mc delay
.17 250 ns 40 os .12 .17 two peaks at 140 and 100 ns delay
.06 250 ns 100 os .014 5 .065 two peaks at 100 and 200 ns delay
.02 200 ns 100 ns .021 .025 two peaks at 100 and 500 ris delay

.005 100 os 200 ris .005 .005 two peaks at 200 and 700 ns delay

Pump Line lP7
Press Limit for Lasing .0 15-7.0 torr

Press Pulse Width Delay Press 
~corr

7.3 30- os -- 6.6 7.3
2.5 100 ‘is -- 2.0 2.5
.21 1400 ns -- .15 .21
.o14 ~oo ris 600 ~~~~ .03 •oL
.02 100 ns 1200 os .015 .02

Pump Line l~~
Press Limit for Lasing .21-6 .14 torr

Press Poise Width Delay Press P~~~~

7.2 140 r,s 80 os 6.14 7.2
3.9 200 Os -- 3.1 3.9
1.1 100 Os 80 Os .76 1.1
.3 100 ns -

- 300 os .21 .30
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LADLE V

Cell res:ure Pressure Excited % F
e-~~~~~,

l +
e-~~~ 

Gain Peal-:

(t:rr~ 7..leoule : a-oc r  L e a d i n c  t: tair. (cm ~~ - n:

3 . 5  2 . 9 x l 1 1  5 .11 ( n o  Iasln- ~

2. O- ,~~~~~~~ I~ . ~ :- “ C

.3- 2.7xl0 1 32 .66 — 0

.17 I.ExIal” 1-il .—.9 70

.05  5 .2xl0 5 6: . 2° :2:-

.03 2.2x10 5 67 .ul.

.051 2.2x10 5 61 .10 131

.05 2 l .3xl0 5 61 .06 201

- - - 0  — - — , -
.U1— c .~~x O  o~ .0s

.35 l .L~ l0~~ 15 .18 (no- 1as!og~

.3 I.L.~ 10~~ 28 .91

.17 1 .lxlI ° ~E 1.15 35

.05 2 . Tx l - r 4 53 1.05 60

.03 2. 2x10 1 51 .93 50

.017 9.9x10 5 62 .~~5 120

.007 - . 7.1xl0 5 67 .3~ 160

(a) N: A t t e n u a t o r -
( 2 )  Sapphire and I r t ran At tenua tor  in Pump Beazr~
(3) Germanium Attenuator in Pump Beam 

~~~~~~~ — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Populat ion Transfer - Comb ined Lasing and
Potational Relaxation

A simple model of the rotat ional—rotational lacing process was added to
the rotational relaxation model to improve the  computer simulation of the
experiments . In this model the photon flux , thro-och stimulated emission ,
adds two terms to the population t r a n s f e r  rate- e q u a t i o n  (E q .  1).

dnj :(fl~ ,1 n~) ~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~dt 
- - . - ( 15)

+ ro ta t iona l  coll is io n al re laxa t ion  te rms .

Rere I C  is the photon f lux in photons/cm 2—se o from the t r a n s i t i o n  2+1 -~~ 5.
Popula t ion  changes -due to spontaneous emission are small and have been
neglected. This population rate equation is now coupled by the pho ton  f lux ,
I, to a rate equation for the photon field (in a closed cavity ) wri t ten as

I~~c(~~~ — ~~)÷ n~~1 C~ L A J (19)

where y~ are the total losses for 2+1 
-

~ J treated as distributed uniformly
throughout the medium and p~ is the solid angle of the ‘beam from one end of
the cavity . The f i r s t  term will produce a net exponential gain in the photon
flux of (a — y) while the second term represents spontaneous emission . The
fluorescence term is necessary here to correctly describe the time it takes
for  the rotational—rotational lasing to begin . At the low pressure at which
some experiments were conducted and sdth the long spontaneous lifetime for
these lines (1/A ~ 1 sec), it takes a quite measurable time to get even one
photon from spontaneous emission into the solid angle, G , of the beam . In
fact , we can anticipate a delay time of the order of

(20DELAY n~~vA

to get jus t  one photon into ~1 in the volum e V near one end to begin the lasirig.
With the very hi€h total gain , ciL, one photon quickly builds the photon
flux through 10—12 orders of magnitude even wi th the high cavity losses.
(Estimates show that even at these long lB wavelengths , the thermal black body
photon density at 300°K is neg l ig ib le .)

-- .22
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The total t ine iel-g. e tweer .  th e  onset  of t he  p ur J~i n r ~ p u l s e  a n t  t h e  onset
of the :s las ing has a nuil-er- of cont r i t-ut i  coo in c l u d i n g  toe de:ay t ir .e ~ust
c alcu l a t e d .  The r i se  time of the p u r s i n c  pulse and the  met gai n (~~ — y )  al so
con t r ibu te  to the  t o t a l  lila:.’ t i m e .

To- d e m o n s t r a t e  t h e  efi ’e:t of t he  F—F l as i ns  or the  p o p u l a t i o n  t r a n : f er -
process , c a l c u l a t i o n s  were r u n  w i t h  t h e  au ~~~ent ed  compute r  mode -I  and t h e  con-
s t a n t s  f rom the pre :- ious  “up ’ t r a n s f e r  exper imen t s (Eq . 6 ) .  In a case where
O r O  is rumpe : ano at a tcta~ pressure hogh enough to mak e T O E L , . .  snail , cog .
15 shows  the  c o m p a r i s o n  of the  r .lation as a fu n c t i o n  c-f t i m e  for  P—F
l ac i ng  compared to t h e  n o — l a c i n g  case where -y ( l o s s e s)  is set to in f init : .- .
Fig-ore 151 shows the p o p u l a t i o n  in 5 5 ,  the level being pumped .  Wher , F — F
lasinc occurs , some s-or . l a t i o - n is quiokly transferred to the next lower
level (Cr1 ) ant the net pcrilaticn reaching 5=5 is reduced.

As discussed above , in the absence of lasing , the net rate -out of the
p um p-ed level is related to l inewid th  measurements .  Here, however , a large
population is being pumped fr-on C to 5—1 by a fast , non-coiloisional pro cess
and the net loss rate a f t e r  the las ing stops is r eduo -e i  b e low th e  v a l u e
p r e d i ct e d  from linewidth s .

F igure  iSa clearly shows the p o p u l a t i o n  l e l o .  g rap i dly transferred o
J= 1 by the P—P lasing. in fact , the level is o’.’erpop~ iatei r -e l a t i- : e  t o  t he
final Boltzmanmo equilibrium and the :ho~o- ~:-1 ’ sis i: shape se-en in the
transfer experiments is produced .

Figure 1S- c shows the popu l a t i on  e-.’c~~u t io n in C=(. Hera the F—P lasinc
makes the smallest difference. Since some populatior. is rem :-:e: fr-on Cr5
before it can be rotationally transferred to i= ( the rate int o s=E is r e d u c e d
slightly . However , the change is small , and this leads us to believe that
the  rates p r e d i c t e d  by the model (Eq . 2) and the  c:-nstants (Fq. 6) derived
fr - -on the “ up ’ t r ans fe r  exper iments  done earlier are : -totant ially correct .

At low pressure , these model c a l c u l a t i o n s  show the -correct delay
heha-:ior of the P—P las ing pulse but the d e f i c i e r c i es  of t h e  model  now bee ~me
evident in the population time evolution and j r  the durat ion of the  F-—F. l ac in g .
Figure 19a shows examples of the computer simulation at 0.036 torr when 5=5
is pumped. We see a delay of about 110 os when the e x p e r i m en t a l  meac -u rem en~
was 120 ns (Table  I I I ) .  The losses here have been reduced to an a r t i fi c i a l ly
low level ( . 0 0 3 / c m )  to lengthen the pulse to about i~0 os dura t ion . The IF-
lasing commences very suddenly , distorting the population ( F i g .  l9b ) .  It is
believed that a model that treats the cavity as a one pass laser rather than
d i s t r i bu t ing  the total  losses throughout the cavity would give s i g n i f i c a n t l y
improved population evolution r e su l t s .  Howe ver , this  mode l  is s u f f i c i e n t  to
demo n strate  the correctness  of the physical p icture under ly in g  the calculation .

- - - ,
~~~~~~~~~~~~~~~~-- - - ~~~- --
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To i l lus t ra te  the t-eha- :ior of the  P — F lasir.c- p u l s e  del  a n :  one- e f : e  ot
on the population t r a n s f e r s , Fic- . 2C shows r e su l t s  f-or a range  of p r e s s u r e s
when J=5 is pumped and J=3, 1 , 5 and 6 probed.  The first column exr~itits the
pumping pu lse  (be low)  and the  s u t s e q u en t  long wa’.’e_en gth IF. pulse (at o~ € ).

The delay is clearly shown to  be pres :ure dependent , varying fr-cm near oe-:~:
at 0.55 torr to 110 mc at 0.020’ tcrr . Also note that a 3.5 tc-r-r r.o lonc
wavelength IF appears. At thi s hid pressure  r o t a t i o n a l  r e l a x a t i o n  ;r o : -e e : :
so quickly  tha t  j = 1 fills almost at the same time as 5 5  ar,d or.ly S peroeno
of the pumped populat ion appears as a ne t  p o p u l a t i o n  d i f f e r - e n - c e t e twee: .  5
and I at any t ime . The ga in  a - , fo r -  th i s  case , is a c t u ai ly  less than  t h e
value achieved at 0 .027 t o r r .  Since  p ressure  d e p e n d e n t  a b s o r p t i o n  asses in
the gas are larger ‘by more than a f ac to r  -c-f 100 it is }c~~ d Jy  s~ rprisirc tnat
there is no net ga in .  In this case what cain exists wo ul d ‘be distri bu te-I in
a very n o n u n i f o rm  manner  in the gas cell  due to the  e x p o n e n t i a l  a b s o r p t i o n .

The column labeled 5— 5 of F ig .  20 shows t h e  a’t s — o r r t i o n  f r o m  the p opul a t i o n
pumsed into the J 5  level along with the long IF. r a d i a t i o n  ( at -o. ’ e) .  At t h e -
lowest pressure , population ‘begins arriving in the le---el J 5 .  After 110 no ,
the long wavelength radiation appears and the population increase levels c:’f
abruptly as population is r a p i d l y  t r a n s f e r r e d  to J=L . A f t e r  the  P—F lacinc
turns off , the collisional rotational relaxation tail appears . At h igher
pressures , the delay is shorter and the effect on the population occurs
earlier in the pumping part of the cycle.

The columu-. 5_i- exhibits the 5~ O “down ’ transfers. At low pressures-, the
t r a n s f e r  commences wi th  the F—P las ing and is very rapid while the F-—F. laser
is r u n n in g .  At progress ively  higher pressures , l i t t l e  change in the bas i c
transfer rate is observed in that the rate depends more on the IF laz ing (w i t h
little direct dependence on pressure) rather than rotational transfer (which
varies directl y with pressure). Also at higher pressures smaller population
excesses o c c u r - .

The column 5—3 shows the transfer 5-~3 and 5-~I--~3. At the lowest pressure
the transfer- begins after laser transfer from 5~ l. weal after the onset of IF
lasinr . At the next two higher pressures (.15 and .3 torr) a delay occurs
betw ~ en th e  IF- l a s ing  pulse and the onset of t r a n s f e r  i n t o  5=3. Here however ,
the- t r a n s f e r-  rate is very fas t  wi th  sharp edges imply ing 14-4 3 cascade l a sin c
although -direct evidence of this transition was not found . At .85 torr the
delay has disappeared and rotational collis ional transfer is proceeding raptly
enough to inhibi t the lasing on the cascade 14 -4 3 transition . The transfer
rate is observed to be slower than the rate at the lower pressures as this
transfer now occurs solely through colli sional transfer. We believe these

four pictures constitute strong presumptive evidence for cascade iasing after

the 5-+ L lasing occurs .

~

. ~~~~~ . 



— -.-,------- ---——..‘— -- ‘~ — -----—‘---- ..— .—-- — -------‘-—— — - ---- —— --

F T 7_ 9 52 5 9 5_  1

The :o1-umr~ 5— 1 c o n t a i n s  the  ~-~E “ up ” t r an s f e r : . T h i s  cat a i s  l i t t l e
a f f e c t e d  by the long  w av e l e n g t h  t r an s f e r  an-u the  t r a n s f e r  r a O e r -  are seer. to.
be sn~ -oth arid inc rease  d ir e c t l ’ ,’ w i t h  the  ;r e ss-~re .

The -computer s i m u l a t i on  m o d e l  was also used tc estir-.ate the importance
of F—F. laslno for large scale :her- i cal lasers . Usinc parameters a p p r o s r i a t e
to a 2-—al- hI’ HF -che :-ical ~,ase-r , and a oistrialti~ r. of r-tational pop ~1a t i o n
from the chemical reaction as ci-:eo ty 1:1 an:- i (Fe-f. I t )  (peaked betwee-:.
C 7—o for HF) the mode l show: oicni :’ioant F—i - lasi:~o- flatt er,ing the rotatio nal
diot r i t  i l l on  q u i c k l y  an p - r - o i lo i n r  a few h u n i r e d  w a t t s  of  lonc wo. oil en~-oh
radi at icr..

~~~~~~ 25 
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~~ is now ac c ep t e d  or . t -e  bas is  of th e o r e t i c a l  arcoroe:, : ir. it i a t ed 1:
shin (Fe-f. 11) t h a t  the fast  ra te  fo r  v ib r a t i o n a l  r e laxa lo r -  of HF is due to
vit~~a t i c n — r - : - t a t i c n  t r a n s f e r  r a t h e r  t han  v i t - r a t l o n — o r an : l a  ic-s. t r an s f e r .
Thus mol ecule-c in 1 ( o r  omer- vit~-ail--nil levels) car r an :fer  to V =

at hi;-i, r o : o  l o n a l  eo-els thro act. nearlo- r e :- on a o  en~ rcp: e-x’o , anre- . There
ha: until no .v bee -n no tire --ct ex:-erimen~ al E- ’::-d e o:~ f o r  t h i s  o ’athwa:.- . ‘iie
h ave  uce t O n - -  dc i i le  re~- :n-anc e me -toot in  an a t o e - p -~ :: gain 5 0 0 : 0  e-.’iier .:e.
F e : n . e of severa l  di f f i c u l t i e s  the- a toer - - t var onl - p a r-t a i l-.- s ucc essful .

. : i m e n  use t a p -cm.: laser  l i n e -  to p o p u l a t e  - ‘3 of V = I an t  a
on l i n e s  lY us to I ll ?  t o  :ete :t r o r u l a t i o n  ar rival -os -

-

I l  of 0’ = 0. T hi s  e -x s c r i r - e r .t i: ter ,otet  a: in F ig .  1. The laser c o u l d
n o t  ‘se ma te -o o r e - r a t e  on t r a ni lt i o n :  h i g h e r  than  lFl-C , whereas  one would
l i k e -  to- use 11: -c- us to  1113. The- 1111- l i n e  i t s e l f  h ad b u t  m a r g i n a l  st r e n ct h

s t a t  l l l t y .  The 7- I sr-ol e ratiatil o-n wa :  , c -r re -t  for -  a separate measurement
02’ the  in 0 0 0 i t y  I-~ to- be rat ic e d  wl~~i. t he  in~ er-,sIt :: I of the at -ocr-s t Ion
si cn a l  a f te r  tOe rub e- f o r  determining t i .e -  al :c lut .e  p o p u l a t i o n  t r a n s f e r re d

The sr - o l e  laser inoen :lt-,’ chance is -h ovn  in Fig. 22 — pr -cling CS of
= C a f t e r  cm - r I n g  53 of 0 = 1. Pr o-n ‘ode- t r a c e  it can be seen that  p-o-;ul a ’ion
toe :  :n t f e - o :  arri-;e in t h i s  h ick  C level ant the rate of a r r iva l  of about  2.
IT  sec t c r r ~~ is- acrroxima el-c the- wit - r a t iona l  r e l axa  ion rat e (1 >:

~. — l  — -, ‘ - 
-10 sec torr ) .  The a’.orarent gair. near the f r - o n ’ of the t r ace  is t y p i c a_

ant cause-s a iIm :rilcr. of the curve ant error is, determining the rate. The-
in c r e a se - i  or a : .om l cs i o s ,  is tue to  re :h-u f f l i n c - -f the rotational iist ri ’out ion
in V = 7 after the running deplete: one le.’cl. ata taI en for the various
line:  ant  over a range of pres sure  c-cnn ste -n I l : :  gave r at e s  close to- the
v i tr a t i on a l  r e l a x a t i o n  r a t e - .  The on t e r o : : t ”  measurer -cot :  gave  a resul t
t h a t  ab ut 0 .02  tc-rr (at  i t orr t o t a l  HF r r e : : ur e ) war  i n  each of ,V” , F , 9
a nt  10 at t oe -  peak of the s i g n a l  t r a c e .  We cc- o r- I ui’o- tha ti-is lack of defini—
t ior .  of the r o t a t i o n a l  d i s t r i b u t i o n  du: -in~- c r a n n f e r  r e - c - il ’ : from i n o u f f i c i e r - -t
s e -n c - I t  i v i t o  of th e -  meac-uren er ,t : .  In ,- -r - er a l , how~’ver , the  s i g n a l s  were
cc-r. : i st e - r ,  w i t h  v ib r a t i onal r e l a xa t i r o~r t i n e - : .

26
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- Veloc i ty  F - e d i st r f bu t i o n

Since the pump laser pumps HF molecules I-: V , C at line center (to-
w i t h i n  + 25 M H z ) ,  the se molecules reside w i t h i n  a narrow velocit :: range -a:
t he  c e n t e r  of the Topp- er p r o f i l e .  It was p o s s i b l e  to tune the 71 oro al
laser to’ f r e q u e n c i e s  disp laced from l i r e  cen te r  and observe the  t rar . :  fe-n
rate of mo lecules i n to other veloci ty  classes- . Figur e 22 si-ow : the - c r : l e - n
lis.e s:-.ape  traced ty  t u n i n g  the op t i ca l  cavit:.- of the CV lase-r. Ta: tunl:.r-
position: are shown : A at line center an-i B displased from l b n ~- center I:.’
120 ~- -io - . The at:-orrtion traces for these positions are late-let A an-i F.
At po sition A the p u m o - i n c  and rotational decay of the pop-ulatlo-r. follow:o th e
usual course. At F , the rotational processes are completed h:.’ the time- ti-c
mole cules have sr-read out in velocity to the 120 ~-2~z position. Pata for
t :.ls k i n d  of measurement was obtained at 37 torr , 50 ic torr and 122 so tcrr
w i t h  s c o p e -  r io t - c r -e s  at several t u n i n g  p c s i t ions~

Using the data in Fig . 22 we find that at v= 0, rotational relaxation and
P— F lasing causes the population to decay in about Ips. The second trace , F ,
taker. at 120 ~tHz also has a time constant of about l~-~:. Taking into accoun t
the fact that the process of transfer of population out of the level a f f e c t s
the apparent rate of collisional rearrangement we find an effective rate of
ve loc i ty  r e l a x a t i o n  of 3 .Sp c at .037 torr or a rate of 7.1 x l06/sec— torr at
120 ~ Hz ( 2 . 6  >~ io~ n / s e e ) .  For thi s level (J = 3) the total rotational loss
rate is 1.3 x 108,- ’sec—t orr .  For HF, the hard sphere scattering rate at 320°K
(k “

~ v o ’ )  wou ld be about 1 x l06/sec—torr . Therefore , velocity relaxation is
about an order of magnitude faster than gas kinetic but still an order of
m a gn it u d e  slower than rotational relaxation . 

- ~~~~~~~~~~~~~~~~~~ -—~~~~~~~ - ~~ - - -



—- ~~~--- ‘- _ _ _ _ _

P77—952595—I

P-EFE F.EN CEP

1. Hall, P. J.: ~EEZ C . Quant .  EJec . 12 , L53 ( 1976) .

2. Hinchen , C. C . and F. H. Hobbs : C. Chem . Phys . 6~~, 2732 (1976).

3. Deutsch , T. F.: AppI. Phys. Lett . 11, IF (1967).

14 . Skribanowitz et al . :  Appl . Plays. Lett. 20, 1428 (19T2).

5. Goldbar , 5., F . ~I. Osgood and A. Javan : Appl . Phys. Lett. 18 , 167 ( 1?7 1)
Also L. !d. Peterson et al.hav e measured HF pulsed laser linewidtbs to be
only 3 ~IHz wide.

6. Lovell , F. C. and V . F. Herget : J. Opt . Soc. Am . 52, 13714 (1962) and
V . F. Herget , W . F. Deeds, N. M. Gailar , B. J. Lovell , and A. H. I ielsen ,

C . Opt . Soc . Am. 52, 1113 (1962).

7. Peterson , L. ~~~~~~ G. H. Lindquist and C. B. Arnold : J. Chern . Flays. 6: ,
31480 (19714).

8. ~.eredith , F.. F. and F. G. Smith: Willow Run Laboratories , The U n i v e r sit y
of ~iichigan , Report So. 814l30—39—T(II), 1971 (unpublished).

9. Strong , 5.: -3cnoepts of Classical Optics , W. H. Freeman and Co., l9~ S ,

p. 592.

10. Polanyi , S. C. and K. B. Woo-tall: J. Chem . Phys. 57, 15714 (1972).

11. Shin , H. K. : Chem . Phys. Lett . 10, 81 (1971).

28~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



3

P l an n e d  p u b l i c a t i o n :  by Au t h o r s  C .  C .  Hinchen ant 7’. H. HoIb-::

1. Fc-o- t at i o -na l  p o p u l a t i o n  t r a n s f e r-  is. HF

2. 1a:Ir.c -o r, ro ta t i onal t r a n s i t i on  of 1fF’

F .  2 oml ined  lacing and collisional processes in ~fF’ p o p u l at i c n  t r an s f e r

E’.- idence  for  v o h r a t i o o— r o t a t i - on  popu la t i on  t r a n s f e r  in ~~~~

Pr e s ent a t i o n :

“F - ot a t i o n a l  Re lax a t ion  in HF ” by C . C .  Hir , ch en ant F .  H .  H o b b s  at Ai r
P c-roe ( :s:- ) -7ontractor ’ s Meet ing , Albuquerqu e , Sew M ex ico , May 16- —IT , 19 7 7 .  

-.
~~~~~~~~~~~~~~~~~~~

-
~~~~~~~~~~~~~~~~~~~~~~~~~~~

-‘- - - - -“ _



— - - -~~~~~~~~~
- 

- - - - - - ~~~~- . ~~~~~~~-~~~~~~--— —,--

R77— 952595-— 1 FIG . 1

ENER GY LEVEL DIAGRAM FOR HF
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COMPARISON OF MODEL AND EXPERIMENT
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HF TRANSITION TIMES
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RELAXATION RATES—PROBE V(1—O)
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R—R LASING J5 - 4 V~IT H VARIOUS ATTENUATION AT 0.05 TORR
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